Effective potential for a SUSY Lee- Wick model: the Wess-Zumino case 
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Using a superfield generalization of the tadpole method, we study the one-loop effective 
potential for a Wess Zumino model modified by a higher-derivative term, inspired by the 
Lee- Wick model. The one-loop Kahlerian potential is also obtained by other methods and 
compared with the effective potential. 
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I. INTRODUCTION 

The use of higher derivatives has been suggested long time ago as a way to obtain a better 
ultraviolet behavior for physically relevant models. In this context, in the early 1970s, Lee and 
Wick (LW) proposed a finite theory of QED fl, 2j and following that paper various improvements 
were done on that direction, in several different models. Recently, the interest in that theory 
was renewed in the so-called Lee- Wick Standard Model (LWSM), leading to new insights in the 
hierarchy problem and to some applications in phenomenology and cosmology [SHS]. 

The LWSM assumes a minimal set of higher-derivative quadratic terms which produce a 
negative-norm partner for each Standard Model (SM) particle (some works also consider mod- 
els with more than a single LW partner for each SM particle [7j). On the other hand, a similar 
doubling of particles occurs for supersymmetric extensions of the SM: each SM particle gets a 



lmafd@cern.ch 




petrov@fisica.ufpb.br 




carlossenise@unipampa.edu.br 


ajsilva@fma.if.usp.br 





2 



supersymmetric partner with the same gauge quantum numbers but different spin. 

Therefore, it is natural to discuss higher-derivative extensions of supersymmetric (SUSY) mod- 
els, that is, to extend SUSY models by incorporating higher derivative terms (a similar theory 
was explored on [8], as an extension for the galileon field on superspace). In the past, within the 
superfield context, higher derivatives were introduced as a regularization tool [9j. Further, it was 
shown that higher derivatives naturally emerge within the supergravity context, if one considers the 
supertrace anomaly of matter superfields in a curved superspace and then adds it to the classical 
action, generating higher derivative terms in the effective = 1 supergravity action [lOj. Some 
aspects of the dynamics of higher derivative superfield models have been studied in the works of 
Ref. [llj. Besides that, since realistic models require that SUSY should be broken [12], it is nat- 
ural to study if a Lee- Wick supersymmetric extension may exhibit some sort of dynamical SUSY 
breaking. 

The introduction of higher-derivative terms is also justified when we look at the modification 
of the superficial degree of divergence, cj, when compared with its usual counterpart [13]. In the 
following, we outline the key ingredients to derive these modifications in uj. Any integration over the 
internal momentum (d'^p) contributes to w with a factor of 4. Since the number of integrations over 
internal momenta is equal to the number of loops, L, the total contribution from such integrations 



is 4L. There are two types of internal lines, Li and L2 (see (24) below), referring respectively to 



A'^'^ and A'^'^; they include, illustrating the case for Li, a p2(i_|!^"/j{^^2_y„2 ^ factor, hence, 
its contribution is —QLi, not forgetting an extra term ^ coming from the definition of Pi (see 
Eq. P). 



Now let us consider the D— factors: the Li propagators contain a factor of D^{D^); also four 
D-factors (each one with canonical dimension 1/2) are consumed in the identities $ = —^D^S and 
$ = -iD^S, where S and S are unconstrained scalar superfields in terms of which we write the 
^ and $ superfields. All of these increase by 2Li their contribution. By the same arguments, we 
find out a —6L2 contribution to oj. 

For the chiral (antichiral) <I>(^>) superfield, the Feynman rules dictate that each vertex, V, 
without external lines, includes four D-factors; only two of these are associated to a vertex in the 
presence of an external line, E. So we shall add a iV — 2E term. We have to consider that each 
loop gives a local 0— space contribution, and using 

6^{e - e')D^D'^6^{e - e') = m^{e - e') , 



we can eliminate four D-factors to create a delta. We shall discount it including a factor of —2L. 
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Summing it up, one obtains 

uj <AV -2E + 2L-4Li- 6L2 . (1) 

Nevertheless, in the M — t- 00 hmit, we have, analogously 

uj <AV -2E + 2L-2Li- 2L2 . (2) 

Comparing ([T]) and ^ we note that a better behavior is achieved when one introduces higher- 
derivative terms with respect to the divergences in the original theory, considering the same number 
of Li and L2 internal lines. With this motivation we calculate the effective potential for the Wess- 
Zumino model with an extra higher derivative term, by using the tadpole method [H]. For that 
we must shift the fields by a classical superfield. We will also calculate the one-loop Kahlerian 
potential by another method and compare with the effective potential. 

The work is structured as follows: in the next Section we shall study the modified Wess-Zumino 
model and calculate its one-loop effective potential. In Section III, we obtain the one-loop Kahlerian 
potential. In Section IV, we present our conclusions. 



II. ONE-LOOP EFFECTIVE POTENTIAL 



We start with the higher-derivative N = 1, Z) = 4 supersymmetric Lagrangian (g^^, = diag{ — h 
++)), given by 

1 



-^U^ 



+ / d'=zW{^) + h.c. 



(3) 



where T^(<^) = ^m<I>^ + ^g^^ and M is a mass parameter much bigger than m, but much smaller 
than the ultraviolet cut-off. By expanding the superfield in component fields and integrating in 
the grassmanian variables we obtain for the Lagrangian: 



+ 



(4) 



where W{A) = = A), 



I, -Qj- — mA + ^gA'^ and = m + gA. From this Lagrangian, we can 
derive the Euler-Lagrange equation for the "auxiliary field" F, e.g. 



1 



□ \ 



M2 ; 



F 



air 



(5) 
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As can be seen, it now possesses dynamics. This kind of model has aheady been extensively studied 
in the literature, and it can be formulated as a second order theory by doubling the number of 
fields |16j . For our purposes, i.e., for the evaluation of the effective potential, this formulation is 
not necessary, and we keep working with the original Lagrangian Q. 

The tree level potential, as usual, is given by the scalar part of the Lagrangian, with the scalar 
components of the chiral superfield set as constants (independent of x), $ = <I>c = a + fO'^: 

Vo = -//t - (ma + |a2) / - (mat + |„t2^ p (6) 

There is at least one solution for the minimum of Vq with / = 0. So, as in the usual Wess- 
Zumino model, SUSY is not broken at the tree level, and thus the nonrenormalization theorem 
dictates what come forward in the quantum corrections (in the sense that SUSY will not be broken 
at higher-order corrections as well). 

To calculate the one-loop contribution to the effective potential, we will use the tadpole method 
|17j . For that we must calculate the superpropagators of the chiral superfields in the presence of a 
shift by a classical constant superfield. To get them we will use the techniques introduced in |18] . 
which consists in to introduce two unconstrained scalar superfields (prepotentials) S and S, from 
which the chiral and antichiral superfields are written as: 

4 4 

The determination of the propagators of S and S require the introduction of a gauge fixing term 
in the Lagragian, from which the final propagators of the chiral fields will not depend. With these 
substitutions, the action ([s]) results in: 



where 



A(1-^)+^(P2 + Pt) 



S -hmSD'^S + fhSD^S)} , (7) 



^2^2 ^2^2 D^D^D^ 

and e is the gauge fixing parameter. 

The propagators are obtained by inverting the quadratic terms on Q , using the set of differential 
operators Pi,P2,Pt, P+ = and P_ = j^D\ i.e., 

A^^(., z') = '''^''^^ + + • 
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The superpropagators for are obtained by acting with the appropriate D^,D^ operators on 
the expression above, as 



A**(z,z') 



1 

16' 



To derive the effective potential, we shift the chiral superfield by another constant chiral super- 
field (9/,$c = 0), 

The action of the shifted theory reads 



d^z<i> 1 



□ \ 



M2 ; 



1 $ + ( / d^zW"^^ + h.c 



+ / d^z 



3! 2 . 



+ h.c. , 



(10) 



where VF"(^'c) = a + g'^c = ("^ + ga) + 5/^^ = a + Z^^. Performing the functional derivative 
with respect to the superfields S and S and freely integrating by parts, one obtains that the 
superpropagators are related by the following equations: 



□ 



P-? 1 



\ + e{Pi + Pt) 



,55 



1, 



// fS2 A 55 



□ 



Pi(i-^)+.(P. + Pt) 



1, 



/S^SS p^„^2^55 

4 



-W'D^A 



5\z-z'). 



(11) 
(12) 



The system above is immediately solved by 

^i(l-^) 



A^^(z,/) 
A^^{z,z') 



a{l- -W'PiW" e° 
A^^{z,z') . 



+ ^iP2+PT) 



5«(z - z') 



(13) 



4n(i-^)' 

Suppressing the e dependent term [18] (Landau gauge), A^^{z,z') can be expanded in a more 
convenient way, with its poles in explicit form, and we finally obtain 
Pi 



^55 
where 



□(l-^)'-|«P 



A 



S^z-z') + e- 



+ B + Ce^ + EO'^] 6^{x - x') , (14) 



n n2 



□ 1 



□ a2 



B 



C = E* 



M2 

A 



\f\H^-^^)"} ^(1 



□2 fl 



□ ^|2 ' 



-af* 



M^; i"i 



□ 



(□(l-^)^-|a|2) -|/|2(l 



(15) 



FIG. 1: Superfield tadpole 



The one-loop contribution to the effective potential can be calculated by integrating the super- 
field tadpole, shown in Fig. [ij Its contribution is given by: 

1 



A{0) + i 



X'gf 



(2^)4 y2_ I /1 2^2 



m 



(16) 



where X = 1 + j-^ and Y = k X + |a| . By integrating these equations we get the potential: 



d^k 



l/T 1 + 



IP 



By doing a Wick rotation to the Euclidian space {ko = ik^, k 
potential can be written: 



+ W 

2 _ 1^2 



k^ 



(17) 



+ A;| = kl), this 



1 



A j4 



rln 



1/? ! + 



IP 



A:2 1 + 



fc2 
Af2 



(18) 



where, in this expression and from now on, k stands for the Euclidian momentum ks = {k^, k) and 
A(>> M^) in the integral simbol represents an UV cut-off. It is easy to see that this expression is 
UV convergent, which means it is finite for A/M — )• oo. If instead, we had considered >> A^, 
by expanding this expression in powers of A;^/M^ we had obtain 



d^k 
(2^ 



In 1 



I/? 



+ 



Vm2 



(19) 



(A;2 + |a|2)2 

As can be seen, the zero-order term is just the (UV logaritmic divergent) one-loop contribution to 
the effective potential [191 12U| of the usual Wess-Zumino model. The first correction, linear in 
and the foUowings are finite in the UV (which in this case means A — t- oo but with A/M << 1.) 
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The poles in k"^ are given by 



|4 



-mi = -|ap-2^ + 0(M-3); 
-ml = -\~a\'±\f\ + {-2\~a\'-\f\' + 3\dm)^ + 0{M~^); 

-ml = -M'±M\a\ + ^^Tl\af^+^^ + 0{M-^) ; 

2 ..2 \a? I/I 5|5|4 + |/|2-6|a|2|/l ^ 

Z 2 8|a| 

+ 1 (2|a|^ + l/T - 3|a| V1) ^ + 0{M-^). (20) 

The quantities m\ and are respectively the fermionic and bosonic masses corrected by terms 
of the order of m| and m\ are the ghost masses introduced by the higher derivative term. 

By making |/p = , the fermionic and the bosonic masses become identicals, as well the ghost 
masses : 

-m?^2 = -|5p-2|d|^M2 + C'(M-3) 

-ml, = -M' ± M|a|2 ^ ^lapM + + o{M~^) . (21) 

Despite the existence of these states, we would stress the fact that the vacuum is only populated 
by the physical states. This can be seen from Q, that the kinetic term for the field A can be 
rewritten, using 

Bi = ^,DA , B, = -^^OA + A, (22) 

as 

Lkin{Bi,B2) = B2UB2 -Bi{n- M^) Bi , (23) 

and one can separate the ghost from the physical particle using these redefinitions. In the vacuum, 
DA = ^ B2 = A , i?i = 0, as expected. 



III. ONE-LOOP KAHLERIAN POTENTIAL 



We proceed with the calculation of the one-loop Kahlerian potential (where besides the condition 
d^^c = we must impose, in the manipulations of the D-operator algebra, that D^^c = 0), 
as shown in Fig. I2I for the massless theory, following [21-H24j. We use again the unconstrained 
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FIG. 2: Supergraphs contributing to the one-loop Kahlerian potential, massless case. 



superfields S, S to obtain the propagators. We derive them from Eq. ([7|, 



A 



ss 



m 



□ (l-^)'-mm^/n 



□ n2 



mm 



□ 



A 



ss 



1 



□ 



A 



ss 



mm 



Pi + —{P2 + Pt) , 



P2 + ^{Pi + Pt) , 



(24) 



where e is a gauge fixing parameter. The same result can be obtained using Eq. ( 14 ) in the limit 



= 0. With these propagators in hands, the one-loop Kahlerian potential for m = m = is 
straightforwardly calculated. For the massless limit only supergraphs with the same number of <I>c 
and external legs can contribute, and an 2^ symmetry factor must be included, consequently 
one obtains: 



1 fd^ 



1 / g^^c^c 



y 

n=l V'-ll.J- Jr^J 



n ^2 



■2/ ^^"^-^TT^ 



6'^{x — x) 



5^{x — x) 



(25) 



Another way to derive (25) is based on the methodology developed in [23]: from the action ([s]) 
one can find the effective equations of motion for <l>, 



5S 



_8S_ 



(26) 
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where VF[^>c] = + fi^c- Now we can construct the matrix: 



S^S 



^W"[^c\D''5'^iz,z' 



S^ciz)S'S>c{z') 5<S>4z)S'S>ciz') 



16 



16 



D^D^6Hz,z') 



D'D'6^{z,z') 



W"[^c]D^6^{z,z' 



. 1 w" 



,(27) 



so that the matrix superpropagator G^^^ satisfies the equation 



W"[^c] (1 



^) 1 n2 





(28) 



where 64 



■\D'^5^{z - z') and 5. 



z — z'). For constant values of the background 



fields ( Dj.(^c = 0) , the relevant part of this contribution is just 



-W"W" \ (1 




(29) 



By changing the field definition to <I>c — s- i^c , — ^ —i^c |25| . whose only effect is to change the 
signal of the mass term in the action, we can write 



1 



-sTr In 



1 



n{i-§^Y-w"W" \ 1 
-1 



d^z In 



~ I (fz In 



U{1- -W"W" 



(fz- In 



□ 1 



W"W" 



6+{z,z') 
^5^{z,z') 
) 5\z-z') 



(30) 



where we used the identity D^D'^6^{ 



16 in the last line. Now (30) can be cast in the 



well-known form: 



^(1) 



1 



W"[^c\W"[^c 



— x') 



(31) 



where Ty"[$c] = Tn + g^c and Ty"[$c] = Tn + g^c- As can be seen, for m = this is equal to (25 ). 
A similar result has been obtained in ^26j using algebraic calculations. 



10 



Using that = a + fO'^, and so W" = a + fO'^, we obtain: 



2 ./ □ 

-- / <fz-\n 
2 I □ 



2./ □ 



□(1-1^)' 



(5^(x — x') 



□ 1 



□ ^2 



M2. 

df*P + d*f9^ + \f\'^9 



— x') 



(5^(x — x'), 



(32) 



since, from the second to the third hne, the integral of terms that have no dependence on 9, 9 is 



nuh. So, we can write 



1 r d^k 

2 J (2^ 



1 + 



2 



kHl + ^] +|a|2 



(33) 



This expression corresponds to the first order term in the expansion for the effective potential, 
Eq. (18), in the auxiliary field |/p (this correspondence was proved for the O'Raifeartaigh model 



in [2?J). Higher order terms in the expansion will be contributions to the so called auxiliary field 
potential , ^(1-, D^^, £)2$) [25]. 



IV. CONCLUDING REMARKS 



We succeeded in generalize the superfield tadpole method for higher-derivative theories. Using 
this methodology, we also carried out the explicit calculation of the one-loop effective potential 
in the supersymmetric higher-derivative Wess-Zumino model. Studying this result, we found that 
SUSY is not broken neither at the tree level nor at the one-loop level. The expression for the 
one-loop correction to the Kahlerian potential is also derived by two different methods, that is, by 
summation of Feynman supergraphs and the tadpole method. From this expression, we explicitly 
showed that the Kahler potential is the first order term in the expansion for the effective potential 
in powers of the auxiliary field. The main result of this paper consists in the development of a 
methodology, which seems useful for the study of spontaneous SUSY breaking in more sophisticated 
theories, with at least two coupling constants. As a possible continuation of this study, we are 
planning to investigate some further aspects of this theory, which is interesting for both theoretical 
and phenomenological points of view. 

In continuation to this study, we are investigating some further consequences of the introduc- 
tion of higher derivatives in models wich exhibits spontaneous breaking of SUSY, looking for the 
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relation of such breaking with this kind of operator. Another important task is to apply the meth- 
ods developed here to models with more than one coupling constant, to investigate the possibility 
of dynamical symmetry breaking by the Coleman- Weinberg mechanism, and finally to study su- 
persymmetric models with gauge fields, where we have the appearance of vector superfields. The 
calculations in this case turn out to be much more cumbersome and we have to pay attention to a 
nontrivial mixing between matter superfields and gauge potential superfields, wich imply important 
issues concerning the gauge fixing in superspace. 
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